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We propose and demonstrate a miniature Fabry-Perot 
interferometer (FPI) based on a movable microsphere 
reflector. The movable microsphere acts as a good 
reflector, with the reflections occurring at the spliced 
single-mode fiber/hollow-core fiber interface and the 
surface of a microsphere, resulting in two-beam 
interference. The silica microsphere is formed at the tip of 
a half tapered optical fiber, and its diameter can be 
reduced to miniaturize the FPI. The movable microsphere 
interferometer exhibits a highly linear response to 
external displacement change, and a high displacement 
sensitivity of 11.9 pm/nm with a nanoscale resolution of 
1.7 nm is achieved. Wide-range displacement can also be 
measured by monitoring the changes in free spectral 
range (FSR) of the reflection spectrum. This miniaturized 
FPI may therefore find use in applications in nano-
displacement measurement fields, and the concept of a 
movable microsphere reflector is of great significance for 
the miniaturization of micro-photonic devices.  
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Fabry-Perot interferometer (FPI) is a well-established 
configuration that has been widely applied in laser [1], 
telecommunications [2], and optical fiber sensing fields [3-7]. A 
standard FPI consists of at least two mirrors (or other reflective 
surface) with high reflectivity located at a set distance apart. In the 
case of optical fiber sensors, FPIs are usually constructed within the 
optical fiber for optimizing integration and miniaturization of the 
sensors. There are several common methods to create a F-P cavity 
in an optical fiber, including splicing different types of optical fibers 
to form a mismatch in refractive index (RI) [8, 9], coating 
diaphragms with a certain thickness at the end of optical fibers [4, 
10], introducing an air microbubble between the optical fibers 
based on an arc discharge method [3, 11], and fabricating notched 
cavities on the surface or inside of optical fibers using CO2 or 
femtosecond lasers [6, 12]. These closed/semi-closed cavity based 
fiber FPIs have proven to be capable of the measurement of a range 
of parameters such as strain [3, 9, 11], pressure [4, 10], temperature 
[5, 8], refractive index (RI) [6], displacement [7], etc. However, for 
displacement sensing, the measurement resolution of the 
traditional FPIs are limited to sub-millimeter or micron scales due 
to the geometrical constraints imposed by the presence of a sealed 
cavity.  
Open cavity FPIs provide potentially higher displacement 
sensitivity since displacement can change the cavity length by an 
equal amount. An established method to fabricate a fiber-based 
open F-P cavity involves locating an external mirror at the output 
end of the optical fiber. This method is straightforward and 
effective, and has been proven to offer a nano-displacement 
sensitivity of 32 pm/nm [13]. However, the external mirror greatly 
increases the size of the overall sensor structure. An alternative 
approach to miniaturize the open F-P cavity involves the use of an 
optical fiber flat end-face (or a metal coated end face) instead of a 
traditional mirror [14, 15]. The flat end-face approach can be easily 
implemented on a optical fiber with a standard diameter of 125 μm. 
However, it is difficult to fabricate a flat end surface on the tip of a 
tapered fiber or nanowire due to mechanical limitations imposed 
by the small size (diameter) of the highly reflective surface as well 
as the difficulty in adequately polishing it to achieve the required 
reflectivity. Therefore, the process of miniaturization of fiber FPI 
devices is limited to a significant extent when adopting the flat end-
face approach. 
In this letter, we propose and demonstrate a miniature FPI based 
on a movable microsphere reflector. Compared with an FPI formed 
from a cleaved fiber, the movable microsphere F-P cavity can be 
easily fabricated with a smaller size and used in a more confined 
space. By placing a silica microsphere in an air cavity formed by the 
hollow-core fiber (HCF), optical interference occurs due to the light 
reflection at the SMF/HCF interface and the surface of the 
microsphere. The microsphere is formed at the tip of a half tapered 
fiber and by moving the free-end of the tapered fiber, the position of 
the microsphere in the HCF can be altered, achieving the goal of 
displacement measurement by changing the length of the F-P 
cavity. To the best of our knowledge, this is the first time such a 
movable microsphere based FPI has been used for displacement 
measurement with nanoscale resolution.   
 
Fig. 1. Schematic diagram of the movable microsphere based miniature 
FPI. 
The schematic diagram of the movable microsphere based 
miniature FPI is illustrated in Fig. 1. The interferometer 
configuration consists of an input SMF, an HCF and a microsphere 
at the tip of a half tapered fiber. Due to the difference in the RI that 
exists between the SMF core and the air in the HCF and between the 
air and microsphere, the incident light beam is reflected at both the 
SMF/HCF interface and microsphere surface, and subsequently 
recombined in the SMF core, resulting in the formation of an 
interference pattern in the reflection spectrum.  
Assuming that the reflected light intensity at the SMF/HCF 
interface and microsphere surface are I1 and I2, respectively, the 
cavity length is d, then the output intensity of the interference 
patterns can be expressed as [16]: 
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where n is the RI of the cavity medium, λ is the free space 
wavelength in vacuum, and φ0 is the initial phase of the interference. 
At the interference dip position, the phase difference meets the 
condition that  
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where m is an integer (m=1,2,3…) and λm is the center wavelength 
of mth order interference dip. The free spectral range (FSR) of the 
refection spectrum can be calculated from Eq. (1) and is expressed 
as follows [17]: 






                                              (3) 
In this case, the movable microsphere acts as a reflector, and the 
miniaturization of the FPI depends on the size of the microsphere at 
the tip of the half tapered fiber. The silica microsphere was 
prepared using a CO2 laser beam method, and the corresponding 
experimental setup is illustrated in Fig. 2. A length of coating-
stripped SMF-28 was initially tapered using a ZnSe-lens-focused 
CO2 laser (Synrad, 48-2KWM-AP) combined with the tension 
applied using a weight (~30 g) which was attached to the end of the 
SMF. The tapered SMF was then cleaved at the taper waist region 
using an optical fiber scissors to form a half taper structure with a 
suitable length [18]. The microspheres were subsequently 
fabricated at the end of this half tapered fiber, again using the CO2 
laser with an output power of 3 W.   
 
Fig. 2. Schematic diagram of the experimental setup for fabrication 
movable microsphere tips. 
 The microscope images of the fabricated microsphere samples 
are shown in Fig. 3. It can be seen in Fig. 3(a)-(d) that the 
microsphere can be flexibly fabricated with different diameters by 
controlling the laser emission time [19]. In order to achieve the goal 
of miniaturization of the FPI, the size of the fabricated microsphere 
should be as small as possible. In this investigation, the minimum 
diameter of the microsphere can be controlled to within 20 μm, as 
shown in Fig. 3(e). It is worth noting that a microsphere with a 
smaller diameter is difficult to prepare due to the limitations 
imposed by the CO2 laser beam method. A silica microsphere is used 
here since although compound microspheres may have higher 
reflectivity than silica microspheres [20], the resulting taper fiber 
would be very fragile and thus not suitable for use in this 
investigation. In order to increase the reflectivity, the surface of the 
silica microsphere was coated with a gold film by using a plasma 
sputtering apparatus (JS-1600, HTCY), and the thickness of the gold 
film was circa 50 nm.  
 
Fig. 3. Microscope images of the fabricated microsphere samples with 
different diameters (a) 46 μm; (b) 55 μm; (c) 60 μm; (d) 70 μm; (e) 20 
μm. Inset: the enlarged image. 
To create a cavity space, a length of SMF-28 was fusion spliced to 
a suspended tri-rod HCF using a commercial fusion splicer 
(Fujikura, FSM-100P+). The discharge current and discharge time 
used in the experiment were 13.2 mA and 2000 ms, respectively. 
Fig. 4(a) is a microscope image of the fabricated SMF-HCF structure, 
and the length of the HCF was measured to be 600 μm. A 
microscope image of the cross section of the suspended tri-rod HCF 
is shown in Fig. 4(b), which has an inner diameter (air hole) of 80 
μm, an outer diameter (silica cladding) of 125 μm, and a rod 
diameter of 4 μm.  
 
Fig. 4. Microscope images of (a) SMF-HCF structure; (b) The cross 
section of the suspended tri-rod HCF; (c) Reflection spectra of the SMF-
HCF structure and the nano-displacement sensor. Inset: the 
experimental sensor sample with a cavity length of 90 μm. 
The FPI is completed when the microsphere was inserted with 
the half tapered fiber into the HCF, this operation needs to be 
performed under the microscope and using two precision 3-
dimensional (3-D) displacement platforms. Considering the inner 
diameter size of the HCF, the 60 μm microsphere sample was 
selected for further experiments. The inset in Fig. 4(c) shows a 
fabricated sensor sample with a cavity length of 90 μm. The 
reflection spectra before and after placing the microsphere in the 
HCF were measured in the wavelength range of 1500-1600 nm. It 
can be seen from Fig. 4(c) that no interference pattern can be 
observed in the case of a SMF-HCF structure. In contrast, an 
interference pattern with an extinction ratio (ER) of more than 10 
dB appears in the case of the movable microsphere FPI, which 
provides evidence for the feasibility of this device. 
The microsphere can flexibly change its position inside the HCF 
by moving the connected taper fiber end, and therefore different F-
P cavity lengths can be created. Fig. 5(a)-(c) shows three FPIs with 
different cavity lengths of 206 μm, 287 μm, and 362 μm, 
respectively. The corresponding reflection spectra (1520 nm-1540 
nm) are shown in Fig. 5(d)-(f). As shown in Fig. 5(d)-(f), with the 
increase of the cavity length d from 206 to 362 μm, the FSR located 
around the 1530 nm wavelength decreases, with FSR values of 5.6 
nm, 4.2 nm and 3.4 nm, respectively, which is consistent with the 
trend predicted by Eq. (3). 
In order to verify the sensing capability of the obtained movable 
microsphere based FPI, a nano-displacement measurement was 
carried out and the corresponding experimental setup is illustrated 
in Fig. 6. The broadband light from a supercontinuum source (SC-
YSL) was launched into an optical circulator, which couples the 
input light signal to the SMF-HCF structure. The reflected spectral 
signal was then recoupled back to the optical circulator, and 
recorded using an optical spectrum analyzer (OSA, YOKOGAWA 
 
Fig. 5. (a)-(c) Microscope images of the sensor structure with different 
F-P cavity length (a) d=206 μm; (b) d=287 μm; (c) d=362 μm. (d-f) 
Measured reflection spectra and calculated FSRs corresponding to the 
cased in (a)-(c). 
AQ6370D). The SMF-HCF structure and the microsphere at the end 
of the half tapered fiber were independently fixed on two separate 
3-D displacement platforms (Newport), and placed on two ultra-
precision linear motor stages (Newport XMS100-S). The axial 
displacement applied to the sensor was accurately adjusted using a 
programmable controller, such that the motor stages were 
displaced in both positive and negative single axis directions. The 
real-time position of the microsphere within the HCF was 
monitored using a CCD camera and a PC.   
 
 
Fig. 6. Schematic diagram of the experimental setup for nano-
displacement measurement. 
Fig. 7(a) shows the results of the evolution of the reflected 
spectrum when the microsphere was displaced from 0 to 600 nm 
with an incremental step of 100 nm, with the cavity length d initially 
set to and maintained at 118 μm. Using the spectral dip at circa 1542 
nm, as depicted in Fig. 7(a), the dip exhibits a clear red-shift in the 
wavelength domain as the displacement increases. To test the 
hysteresis of the proposed sensor, a reversed cycle was performed 
for which the displacement was decreased from 600 nm back to 0, 
and the measured result is shown in Fig. 7(b). It is clear that when 
the applied displacement is decreased, the dip evolution is opposite 
to the increasing displacement case, with central wavelength of the 
dip having a clear blue-shift. 
 
Fig. 7. Reflection spectrum evolution when applied displacement is 
changed (a) Displacement increases; (b) Displacement decreases. (c) 
Dip wavelength versus displacement and the linear fitting curve. (d) 
Measured and calculated FSR of reflection spectrum versus 
displacement. 
Fig. 7(c) shows the wavelength of the dip as a function of 
displacement within the displacement increase and decrease cases. 
It can be seen that the sensor exhibits an excellent linear response 
to external displacement change, and the sensitivities for the 
displacement increases and decreases cases were determined to be 
11.9 pm/nm with R2 of 0.9966 and 11.7 pm/nm with R2 of 0.9957, 
respectively. Given the 0.02 nm resolution of the OSA used in the 
experiment, the displacement measurement resolution of this 
proposed nano-displacement sensor was calculated to be 1.7 nm. 
Based on the linear fitting of Fig. 7(c) and the determined 
sensitivities, it is also evidenced that there is no hysteresis present 
when considering the minor differences between the results in the 
displacement increase and decrease cases.  
Due to the limitations of the FSR of the reflection spectrum and 
the inherent high sensitivity offered by the sensor, it is difficult to 
widen the range of displacement measurement based on simple 
wavelength interrogation methods based on locating the position of 
a single dip. However, by monitoring the change of FSR of the 
reflection spectrum, wider range displacement measurement can 
be realized. In this case the cavity length was initially set to 90 μm, 
and the microsphere was displaced from 0 to 80 μm with a step of 
10 μm. The measured and calculated results are plotted in Fig. 7(d). 
It can be seen that the measured results exhibit good agreement 
with the calculated results, which shows the feasibility of the 
proposed sensor for use in wide-range displacement measurement. 
In summary, a movable microsphere based miniaturized FPI has 
been successfully fabricated and experimentally characterised for 
nanoscale displacement measurement. The movable microsphere 
was proven to be a good reflector, and its diameter can be reduced 
to 20 μm to further miniaturize the formed FPI. This novel open 
cavity FPI exhibits an excellent linear response to external 
displacement variation, the achieved sensitivity being up to 11.9 
pm/nm with a nanoscale displacement resolution of 1.7 nm. Such a 
miniaturized FPI therefore offers extensive application potential in 
nano-displacement measurement fields. Additionally, the concept 
of a movable microsphere reflector is of great significance for the 
miniaturization of photonic devices. 
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